A novel actinobacterium, designated strain C4-31 T , was isolated from soil collected from a cave. Cells were aerobic, Gram-reaction-positive, oxidase-negative, catalase-positive and nonmotile cocci. Comparison of 16S rRNA gene sequences showed that the organism occupied a distinct phylogenetic position within the suborder Frankineae, with sequence similarity values of less than 93.2 % to members of this suborder. The diagnostic diamino acid in the cell-wall peptidoglycan was meso-diaminopimelic acid. The major menaquinone was MK-9(H 4 ). The polar lipids were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositol mannoside, an unknown aminophospholipid and an unknown phospholipid. The major fatty acids were iso-C 16 : 0 , C 17 : 1 v6c and C 16 : 0 . The G+C content of the DNA was 62.8 mol%. On the basis of morphological and chemotaxonomic data as well as phylogenetic evidence, strain C4-31 T (5KCTC 39556 T 5DSM 100065 T ) is considered to represent the type strain of a novel species of a new genus in the suborder Frankineae, for which the name Antricoccus suffuscus gen. nov., sp. nov. is proposed.
The suborder Frankineae Stackebrandt et al. 1997 emend Zhi et al. 2009 was recently emended by Lee (2013) and currently accommodates nine genera classified within seven families, Frankia Brunchorst 1886 (family Frankiaceae), Acidothermus Mohagheghi et al. 1986 (Acidothermaceae), Cryptosporangium Tamura et al. 1998 (Cryptosporangiaceae) , Blastococcus Ahrens and Moll 1970 , Geodermatophilus Luedemann 1968 , Modestobacter Mevs et al. 2000 , Motilibacter Lee 2012 (Motilibacteraceae) Nakamurella Tao et al. 2004 (Nakamurellaceae) and Sporichthya Lechevalier et al. 1968 (Sporichthyaceae) , and two genera unassigned at the level of family, Fodinicola Carlsohn et al. 2008 and Jatrophihabitans Madhaiyan et al. 2013 . The genera Humicoccus Yoon et al. 2007 and Saxeibacter Lee et al. 2008 , which were previously members of the family Nakamurellaceae, were united into the genus Nakamurella (Kim et al., 2012a) . Members of this suborder have been isolated from various environmental sources (plants, hot springs, acidic rocks of a mediaeval mine, stone surfaces, activated sludge, desert, lake sediments and soils). During a study on bacterial diversity from natural caves in Jeju, Republic of Korea, several new isolates have been described (Lee, 2006 (Lee, , 2008 Seo et al., 2007) . The present study describes the classification and characterization of another actinobacterial strain from a natural cave by a polyphasic approach.
Strain C4-31
T was isolated from soil of a natural cave in Jeju, Republic of Korea, by using the standard dilution plating method on starch-casein agar (per litre, pH 7.2): soluble starch 10 g, casein 0.3 g, KNO 3 2 g, NaCl 2 g, CaCO 3 0.02 g, MgSO 4 . 7H 2 O 0.05 g, FeSO 4 . 7H 2 O 0.01 g and agar 18 g. The agar plates for bacterial isolation were incubated at 28 8C for 2 or 3 weeks. Developing colonies were transferred onto ISP medium 2 (Shirling & Gottlieb, 1966 ) and the purified isolate was stored in 20 % (v/v) glycerol solution at 220 8C and 280 8C.
Growth was tested using ISP medium 2, nutrient agar (NA; BD), R2A agar and trypticase soy agar (TSA; BD) and recorded after incubation of 14 days at 30 8C. Oxidase and catalase activities were examined with solutions of tetramethyl-p-phenylenediamine and 3 % (v/v) H 2 O 2 , respectively. Gram staining was performed using the bioMérieux Gram 2 kit following the instructions of the manufacturer. Growth temperature was investigated on TSA at 4, 10, 20, 25, 30, 35, 37 and 42 8C after 14 days of incubation, with the exception of 37 and 42 8C (recorded with 7 day culture). Growth at pH 4.0-10.0 (intervals of 1 unit) was determined in tryptic soy broth (TSB; BD) after incubation of 14 days at 28 8C at 180 r.p.m. For pH adjustment of the basal medium, the following buffers were used: 0.5 M citric acid/0.5 M sodium citrate (pH 4.0-5.0), 1 M KH 2 PO 4 /1 M NaOH (pH 6.0-8.0) and 0.5 M NaHCO 3 /0.5 M Na 2 CO 3 (pH 9.0-10.0). Salt tolerance for growth was determined in TSB supplemented with 0-10 % (w/v) NaCl (intervals of 1 %) after 7 days of incubation at 30 8C. Anaerobic growth was tested by using a GasPak EZ Anaerobe Pouch System (BD). Hydrolysis was tested on ISP medium 2 supplemented with DL-tyrosine (0.5 %, w/v), hypoxanthine (0.4 %, w/v), xanthine (0.4 %, w/v), casein (1 % skimmed milk, w/v) or starch (1 % soluble starch, w/v). Hydrolysis of DNA was determined using DNase test agar (Difco). The production of clear or transparent zones around colonies on agar plates was recorded as a positive result after incubation of 3 weeks, except for hydrolysis of starch and DNA (observed on agar plates incubated for 2 weeks). For determination of cell morphology and motility, cells were grown on TSA for 4 days at 30 8C and observed using light microscopy (DM500, Leica) and transmission electron microscopy (JEM 1010, JEOL). The colour and morphology of colonies were determined on TSA incubated for 9 days at 30 8C. Other physiological and biochemical tests were performed using API 20NE and API ZYM strips (bioMérieux) according to the manufacturer's instructions. Assimilation of carbohydrates using API 20NE strips was recorded after 3 days of incubation at 30 8C. Utilization of a variety of carbon and energy sources was tested using GP2 MicroPlates (Biolog). Cells were grown for 5 days at 30 8C on TSA and suspended in sterilized saline solution with 10 mM sodium thioglycolate and 10 mM sodium salicylate. An aliquot (150 ml) of the cell suspension was transferred to each well and the plates were incubated for 6 h at 30 8C, before visual reading. Utilization of carbohydrates was tested twice with independent cultures. Strain C4-31
T was an aerobic, Gram-stain-positive, nonsporulating, non-motile cocci, approximately 0.8-0.9 mm in diameter (Fig. S1 , available in the online Supplementary Material). Cells occurred singly, in pairs, in short chains or in irregular clusters. Colonies on TSA after 9 days at 30 8C were circular, convex, light brown with entire margin and usually 1.0-2.0 mm in diameter. Strain C4-31 T showed growth at 4-30 8C, at pH 6.0-8.0, and tolerated up to 8 % (w/v) NaCl. Data of other physiological and biochemical properties are given in the species description.
For analysis of cellular fatty acids, cells of strain C4-31 T were grown on TSA for 5 days at 30 8C. Fatty acid methyl esters were prepared and analysed according to the standard protocol of the Sherlock Microbial Identification System (version 6.1; MIDI), using the TSBA6 library for the identification of resultant peaks on the chromatogram. For investigation of other chemotaxonomic characteristics, cells were grown in shake flasks containing TSB for 4 days at 30 8C at 170 r.p.m. Diamino acids and the isomers in cell-wall hydrolysates were analysed using HPTLC cellulose plates (no. 5787, Merck) as described by Staneck & Roberts (1974) . The extraction of isoprenoid quinones and polar lipids was performed by the integrated procedure of Minnikin et al. (1984) . Polar lipids were examined by two-dimensional TLC as described by Minnikin et al. (1977) . Isoprenoid quinones were purified by TLC using silica gel (Collins et al., 1977) and analysed by HPLC (Kroppenstedt, 1985) . The extraction and analysis of mycolic acids were conducted by TLC (Minnikin et al., 1980) . The G+C content of the DNA was determined by HPLC of a deoxyribonucleoside mixture prepared as described by Mesbah et al. (1989) . meso-Diaminopimelic acid was the diagnostic diamino acid in the cell-wall peptidoglycan. The predominant menaquinone was MK-9(H 4 ) (83 %). MK-8(H 4 ) (8 %) and MK-8 (8 %) were also detected as minor components, with a trace amount of MK-9(H 2 ). Mycolic acids were not detected. The polar lipids contained diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositol mannoside, an unknown aminophospholipid and an unknown phospholipid (Fig. S2) . The G+C content of genomic DNA was 62.8 mol%. The cellular fatty acids of strain C4-31
T consisted largely of saturated, unsaturated and iso-branched fatty acids with small amounts of 10-methyl acids. The major fatty acids were iso-C 16 : 0 (34.9-35.5 %), C 17 : 1 v6c (12.4-13.0 %) and C 16 : 0 (10.3-10.5 %). Other cellular fatty acids detected in the cell extract of strain C4-31 T are given in Table S1 .
DNA isolation from strain C4-31
T was conducted using a Wizard genomic DNA purification kit (Promega). Amplification of the 16S rRNA gene by PCR was performed with universal primers 27F and 1492R (Lane, 1991) . A 1415 bp gene product was obtained by direct sequencing of the PCR product (Solgent, Republic of Korea). Multiple alignments were conducted by using the CLUSTAL X algorithm (Thompson et al., 1997) , with related sequences obtained from public databases. For reconstruction of a phylogenetic tree, the neighbour-joining (Saitou & Nei, 1987) method was used with evolutionary distances calculated by using the correction of Jukes & Cantor (1969) . To evaluate tree topologies, bootstrap analysis (Felsenstein, 1985) was performed with 1000 replications. The branching of the neighbour-joining tree was further compared with trees reconstructed using the maximum-likelihood (Felsenstein, 1981) and maximum-parsimony (Fitch, 1971) algorithms.
rRNA gene sequence similarity searches (BLAST) against the GenBank database were used to determine the phylogenetic affinity of strain C4-31 T , revealing that it was closely related to members of the suborder Frankineae, class Actinobacteria. In the neighbour-joining tree ( Fig. 1) reconstructed on the basis of a total of 1319 unambiguously aligned nucleotide positions of the 16S rRNA genes, strain C4-31 T occupied a distinct phylogenetic position between the families Geodermatophilaceae and Motilibacteraceae, with a moderate bootstrap support (69 %), while the isolate formed a subclade with members of the family Sporichthyaceae between the two families described above in the trees generated by maximum-parsimony and maximumlikelihood methods (data not shown). The results of pairwise 16S rRNA gene similarity calculations (Kim et al., 2012b) revealed that the highest sequence similarity value to members of the suborder Frankineae was found with Sporichthya polymorpha (93.18 %). Strain C4-31
T showed levels of 16S 
Geodermatophilus soli PB34 T (JN033772)
Geodermatophilus taihuensis 3-wff-81 T (JX294478)
Geodermatophilus brasiliensis Tü 6233 T (DQ029102)
Geodermatophilus terrae PB261 T (JN033773)
Blastococcus aggregatus DSM 4725 T (AJ430193)
Blastococcus jejuensis KST3-10 T (DQ200983)
Blastococcus saxobsidens BC448 (AJ316571)
Blastococcus endophyticus YIM 68236 T (GQ494034)
Modestobacter multiseptatus DSM 44406 T (Y18646)
Modestobacter versicolor CP153-2 T (AJ871304)
Modestobacter marinus 42H12-1 T (EU181225)
Modestobacter roseus KLBMP 1279 T (JQ819258)
Antricoccus suffuscus C4-31 T (LN827957)
Motilibacter peucedani RP-AC37 T (FM998003)
Motilibacter rhizosphaerae RS-16 T (FM998018)
Acidothermus cellulolyticus rRNA gene sequence similarity of less than 93.0 % to other genera of the suborder Frankineae.
The 16S rRNA gene sequence comparison demonstrated that strain C4-31 T possessed a set of the 16S rRNA gene sequence signature nucleotides that have been recently emended for the suborder Frankineae (Lee, 2013) , supporting that it belonged to the suborder Frankineae. In addition, strain C4-31
T , together with all members of the suborder Frankineae, was found to have an U-A pair at positions 598-640, revealing that strain C4-31 T does not belong to the suborders Micrococcineae or Kineosporiineae having an U-G pair at these positions. The 16S rRNA gene sequence signature nucleotides of strain C4-31
T and all members of the suborder Frankineae are given in Table 1 . The unique pattern of 16S rRNA signatures of strain C4-31 T support that it can be clearly distinguished from the seven families of the suborder Frankineae and two unassigned genera at the level of family.
Morphological and chemotaxonomic characteristics that differentiate strain C4-31
T from genera assigned to the suborder Frankineae are shown in Table 2 . Members of the genera Blastococcus and Modestobacter (family Geodermatophilaceae) and the genus Nakamurella (family Nakamurellaceae) have a coccoid morphology, as do strain C4-31 T . However, they also exhibit rod-shaped morphological features, in contrast to strain C4-31 T . They can be furthermore differentiated from strain C4-31 T in that members of the genera Blastococcus and Modestobacter form buds and do not contain phosphatidylinositol mannoside and an unknown aminophospholipid in their polar lipid profiles, and in that strains representing the genus Nakamurella have MK-8(H 4 ) as the major menaquinone and do not contain phosphatidylinositol in their polar lipid profiles. Other members of the suborder Frankineae differ from strain C4-31 T in particular by their cell morphologies in that they have only rod-shaped morphologies (genera Acidothermus, Jatrophihabitans and Motilibacter) or produce mycelia (genera Cryptosporangium, Fodinicola, Frankia, Geodermatophilus and Sporichthya), in addition to their chemotaxonomic characteristics ( Table 2 ).
The combination of morphological and chemotaxonomic data ( Table 2) as well as phylogenetic evidence supports that strain C4-31 T can be suitably differentiated from all the members of the suborder Frankineae and therefore represents a novel genus and species of the suborder, for which the name Antricoccus suffuscus gen. nov., sp. nov. is proposed.
Description of Antricoccus gen. nov.
Antricoccus [An.tri.coc9cus. L. neut. n. antrum a cave; N.L. masc. n. coccus (from Gr. masc. n. kokkos grain, seed) coccus; N.L. masc. n. Antricoccus a coccus from a cave]. Table 1 . 16S rRNA gene signature nucleotides of families of the suborder Frankineae and related genera Taxa: 1, Strain C4-31; 2, Acidothermaceae; 3, Cryptosporangiaceae; 4, Frankiaceae; 5, Geodermatophilaceae; 6, Motilibacteraceae; 7, Nakamurellaceae; 8. Sporichthyaceae; 9, Fodinicola; 20, Jatrophihabitans. Pu, Purine; py, pyrimidine. 66-103 Tamura et al., 1998 ), Fodinicola (Carlsohn et al., 2008 , Frankia (Lechevalier, 1994; Mirza et al., 1991) , Geodermatophilus (Luedemann & Fonseca, 1989; Kroppenstedt, 1985; Zhang et al., 2011) , Jatrophihabitans (Madhaiyan et al., 2013) Modestobacter (Mevs et al., 2000) , Motilibacter (Lee, 2012 (Lee, , 2013 , Nakamurella (Yoshimi et al., 1996; Tao et al., 2004; Yoon et al., 2007; Lee et al., 2008; Kim et al., 2012a) and Sporichthya (Rainey et al., 1993; Tamura et al., 1999) . Cells are aerobic, Gram-stain-positive, oxidase-negative, catalase-positive, non-sporulating, non-motile cocci (0.8-0.9 mm in diameter). meso-Diaminopimelic acid is the diagnostic diamino acid in the cell-wall peptidoglycan. The major menaquinone is MK-9(H 4 ). The polar lipids are diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositol mannoside, an unknown aminophospholipid and an unknown phospholipid. Mycolic acids are absent. The cellular fatty acids consist largely of saturated, unsaturated and iso-branched components, with the major fatty acids iso-C 16 : 0 , C 17:1 v6c and C 16 : 0. The G+C content of the DNA of the type strain of the type species is 62.8 mol%. The genus belongs phylogenetically to the suborder Frankineae. The type species is Antricoccus suffuscus.
Description of Antricoccus suffuscus sp. nov.
Antricoccus suffuscus (suf.fus9cus. L. masc. adj. suffuscus brownish).
General morphological and chemotaxonomic characteristics are as given in the genus description. Colonies on TSA after 9 days at 30 uC are circular, convex, light brown with entire margin and usually 1.0-2.0 mm in diameter. Cells grow well on TSA and ISP medium 2, and moderate growth occurs on R2A and NA. Growth occurs at 4-30 uC (optimum at 30 uC), pH 6.0-8.0 (optimum at pH 7.0) and in the presence of up to 8 % (w/v) NaCl. Hydrolysis of casein and DNA is observed. Hypoxanthine, starch, DL-tyrosine and xanthine are not degraded. Activities for esterase (C4), esterase lipase (C8), leucine arylamidase, valine arylamidase, cystine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, a-glucosidase and b-glucosidase are present, but those for alkaline phosphatase, lipase (C14), trypsin, a-chymotrypsin, N-acetyl-b-glucosaminidase, a-galactosidase, b-galactosidase, b-glucuronidase, a-mannosidase and a-fucosidase are absent (API ZYM). Among tests in the API 20NE strip, nitrate reduction and urease are positive. Aesculin degradation is weakly positive. Other tests (gelatin liquefaction, indole and H 2 S production, glucose fermentation, arginine dihydrolase and assimilation of carbohydrates) are negative. Dextrin, mannan, a-D-glucose, D-ribose, salicin, acetic acid, propionic acid, pyruvic acid and thymidine are utilized as sole carbon and energy sources. Utilization of the following compounds is variable: b-hydroxybutyric acid, c-hydroxybutyric acid, L-pyroglutamic acid, L-serine, glycerol, adenosine, thymidine-59-monophosphate, uridine-59-monophosphate and D-fructose 6-phosphate. The other 78 compounds contained in wells of GP2 MicroPlates were not utilized. The predominant fatty acids are iso-C 16 : 0 , C 17:1 v6c and C 16 : 0 .
The type strain, C4-31 T (5KCTC 39556 T 5DSM 100065 T ), was isolated from a soil sample collected from a natural cave in Jeju, Republic of Korea. The DNA G+C content of the type strain is 62.8 mol%.
